Abstract: A large amount of waste glass is generated every year and contributes significantly to landfills. Large-scale physical model tests were carried out to study the dynamic response of recycled crushed glass (RCG) contained in gabion baskets and its performance against successive boulder impacts at energy levels of up to 70 kJ. The cushioning performance of RCG is compared with that of more conventional cushioning materials, including rock fragments and cellular glass aggregates. Results reveal that for the first impact, RCG can provide up to 144% and 128% reduction in the transmitted wall loads and boulder impact loads respectively when compared to cushion layers comprising rock fragments. It follows that by adopting RCG, practitioners could potentially reduce the recommended design load for impact by a single boulder by up to three times. Furthermore, the load-diffusion angle of RCG is three times larger than that of cellular glass aggregates. The observed trend in the diffusion angle implies that the transmitted load for RCG is distributed more uniformly on the barrier wall compared to cellular glass aggregates.
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Introduction
Debris flows occur in multiple surges (Iverson 1997 ) and large boulders entrained within the flow mass (Takahashi et al. 2014) can severely damage mitigation structures situated along its flow paths (Zhang et al. 1996) . To protect these structures, cushion layers can be used to attenuate concentrated forces induced by boulders (Lambert et al. 2009 ).
Rock fragments contained in gabion baskets, also known as rock-filled gabions are commonly used to protect rockfall mitigation structures (Lambert et al. 2009; . Schellenberg et al. (2007) , Heymann et al. (2010) and Breugnot et al. (2015) have demonstrated that rock fragments are very effective at attenuating single boulder impacts. However, the change in the bulk stiffness of the cushion layer due to compaction under successive impacts (ASTRA 2008 ) is often ignored in current design. Ng et al. (2016) demonstrated that the reduction of impact loads rely predominantly on the irreversible rearrangement of rock fragments. The mechanism of crushing in gabion cushioning layers strongly depends on the mechanical properties of the rock and their size (Lambert et al. 2009 ).
Correspondingly, the contact surface between the boulder and the gabion cell contained with rock fragments increases progressively with successive impacts, leading to a reduction in the cushioning performance in terms of the boulder impact force.
Generally, the particle sizes of the rock fragments used to construct gabion cushion layers range from 160 to 300 mm (GEO 1993; Ng et al. 2016 Su et al. (2018) both showed that the transmitted load on a rigid barrier which is shielded by a cushion layer comprising rock fragments (rock-filled gabions) decreases with the particle size, although particle crushing was not considered in these studies. Comparisons between measured and computed results show that when crushing is limited, the mechanical response of a cushioning layer depends on the degree of compaction. This relationship can be used to explain how successive impacts lead to a reduction in cushion efficiency for attenuating the force transmitted to the mitigation structure under protection. Neither Zhang et al. (2016) nor Su et al. (2018) considered the mechanism of crushing in their studies due to the input parameters and simplifications involved. For instance, clear input parameters are required for bonding several spherical particles together (Bertrand et al. 2005 ) and this emerging research area still presents challenges in DEM modelling. Based on the results of these previous studies, smaller particle sizes were recommended to improve the overall performance of the cushion layer. With this in mind, there clearly remains potential to explore new granular cushioning materials that can dissipate energy more effectively.
The advent of developing cushioning materials that are not only sustainable, but can also outperform rock-filled gabions has led to the use of waste tyres as cushion layers. For example, Lambert et al. (2009) carried out a series of large-scale drop tests, for a single impact, at an energy level of 13.5 kJ, on a 0.5-m-thick cushioning cell made up of 30% waste tyre and 70% sand. The test results revealed that when the boundary condition of the cushioning material was confined, the D r a f t maximum boulder impact force was up to 30% higher than that of an equivalent rock-filled gabions cushion layer. This implies that sand-waste tyre mixtures are not as effective as rock fragments in attenuating boulder impacts.
In recent years, cellular glass aggregates contained in the gabion baskets have also been used as a cushioning material for rockfall protection galleries (Schellenberg et al. 2007; ASTRA 2008) . Schellenberg et al. (2006) carried out a series of drop tests on a 0.45-m thick cellular glass aggregates cell at an energy level of 12.5 kJ. The results revealed that cellular glass aggregates can reduce the maximum boulder impact force by up to 40% when compared to that of an equivalent gravel cushion layer.
Given the success of cellular glass aggregates in attenuating impact forces, Ng et al. (2018) carried out pendulum impact tests to compare the cushioning performance between gabion baskets filled with cellular glass aggregates and rock fragments. The test results demonstrated that the use of cellular glass aggregates reduced the maximum boulder impact and transmitted forces by up to 25% and 50%, respectively.
Despite the promising results for cellular glass aggregates, they exhibited very large plastic deformation beyond their crushing strength and the cushioning efficiency diminished rapidly during successive loading. In addition, manufacturing cellular glass aggregates is also an energy-consuming process as it requires baking glass fines with chemical additives.
The demand for glass products is rapidly increasing around the world.
Consequently the amount of waste glass sent to landfills is also increasing. glass generated in Hong Kong (So et al. 2016) . The high generation rate coupled with a low recycling rate mean that about 98% waste glass will remain buried in landfills in Hong Kong (Lam et al. 2007) . Furthermore, heavy metals such as lead, barium and strontium contained in waste glass can also pollute the environment and can even pose a threat to human health (M ar et al. 2006; Shi et al. 2005) . Given the environmental e problem posed by waste glass, recycled crushed glass (RCG) is evaluated as an alternative cushioning material in this study. RCG has been used as coarse aggregates in concrete (Lam et al. 2007; Srivastava et al. 2014) and also as an engineering fill in reclamation and earthworks projects (So et al. 2016) . Despite these previous applications, RCG has not been explored as a cushioning material against rockfall or debris flow hazards. The advantage of RCG is that it is easy-to-manufacture and can be made by simply crushing waste glass using a hammer mill. As will be shown in this study, when subjected to impacts RCG shows both grain rearrangements and crushing, which are the cushioning mechanisms exhibited by rock fragments and cellular glass aggregates as shown in previous investigations. In this study, the cushioning performance of RCG under successive boulder impacts is investigated using a large-scale pendulum impact setup described by Ng et al. (2016) and .
Hertz impact equation
The boulder impact force acting on a rigid reinforced concrete barrier is traditionally estimated using the Hertz contact theory (Johnson 1985) , where the contact between the boulder and the barrier is assumed to be elastic and the contact force is expressed as follows:
where F is the impact force (N), E is the effective elastic modulus (Pa), R is the boulder radius (m), δ is the elastic deformation (m), and E is given as 1 = [E 1 and E 2 are the elastic moduli of barrier and
concrete boulder, respectively (in Pa); v 1 and v 2 are the Poisson's ratios of barrier and concrete boulder, respectively].
To facilitate the design of rigid debris-resisting barriers in Hong Kong, a simplified Hertz equation was proposed by Kwan (2012) :
where v is the impact velocity (in m/s), R is the boulder radius (in m), and K c is an empirical load-reduction factor to take into account the energy dissipation through plastic deformation to take into account the energy dissipated through plastic D r a f t August 2018 9 deformation. Following the advice of Hungr et al. (1984) , Kwan (2012) proposed that the value of K c can be taken as 0.1 if the barrier is not protected by a cushion layer.
For rigid barriers protected by a rock-filled gabion cushion layer, Ng et al. (2016) carried out physical impact tests and back-calculated the load-reduction factor for successive impacts. The load-reduction factor was found to range from 0.012 to 0.037 at an energy level of 70 kJ. Based on these test results and also the result of a numerical parametric study, Kwan et al. (2018) showed that, for the first boulder impact on a rock-filled gabion layer, the peak boulder impact force could be conservatively estimated using a revised form of the simplified Hertz equation:
Large-scale field tests

Impact test setup
Figures 1a and 1b show front and side views of the test setup, respectively. A 2000-kg reinforced-concrete boulder was connected to a steel frame using two steel strand cables. The steel frame was 6 m in height, 5 m in length and 3 m in width. A mechanical latch was used to release the boulder from its suspended position and into the cushioning material. A steel frame was also erected around the perimeter of the wall to confine the cushion layer. The impact duration for each test was about 0.1 s.
Eight load cells (THD-50K-Y) with a maximum range of 220 kN were installed on the rigid barrier to measure the load distribution along the horizontal and vertical axis ( Figure 2 ). An accelerometer (PCB) was used to capture the time history of the acceleration of the concrete boulder (maximum range: 500 g, where g is gravitational acceleration). The measured acceleration included the actual physical response between the boulder and cushion layer plus electrical noise. Fast Fourier transform (FFT) signal processing was used to select a cutoff frequency of 50 Hz and a low pass filter was adopted to remove the noise from the signal. The deformation of the cushioning material was measured using laser sensors after impact. The data-logging system captured data at a sampling rate of 10 kHz. The impact velocity and penetration depth were estimated using a high-speed camera (Mikrotron, EoSens® mini2), which can capture up to 200 frames per second (fps) at a resolution of 1376 × 1226 pixels. In addition, a video recorder (JVC GX), which can capture images at 30 fps at a resolution of 1920×1080 pixels, was also used to record the impact process.
Properties of recycled crushed glass (RCG)
The RCG used in this study was manufactured using a hammer mill. Table 1 lists some of the basic properties of the RCG. Three samples of RCG were tested to measure the average particle size distribution (PSD). Figure 3 shows three PSD curves of the RCG. The PSD curves show that the RCG satisfies the grading requirements for use as a fill material in Hong Kong (So et al. 2016) . The bulk density of RCG is about 1500 kg/m 3 and the porosity can be calculated as 44%. Direct shear box tests were D r a f t August 2018 11 conducted to measure the friction angle over a stress range of between 50 kPa and 200 kPa. The friction angle was found to be about 38° assuming zero cohesion.
The mechanical response of the RCG under compression was measured using a universal testing machine (AMETEK model no: EZ 50) equipped with a load cell with a maximum range of 25 kN (Fig. 4) . A rigid cubical steel box with a nominal dimension of 0.2 m was used to confine the lateral deformation of the RCG specimen during the compression test. The compression rate was selected as 10 mm/min. Figure 5 shows the measured compressive stress-strain curves. Due to the limited loading range of apparatus, the tests were terminated when the compressive stress reached 625 kPa. The Young's modulus deduced from the initial loading range is about 7.9 MPa. The compressive stress-strain of cellular glass aggregates is also shown in Fig. 5 for comparison. It can be seen that the cellular glass aggregates exhibit large plastic deformation beyond their yield strength due to particle crushing.
A higher stress was induced in the cellular glass aggregates ) because the loaded area of cellular glass aggregates was smaller than that of the rigid steel box. The mechanical response of rock fragments contained inside gabion baskets as reported by Bertrand et al. (2005) is also shown in Fig. 5 for comparison.
Test programme
In this study, a total of 12 impact tests were conducted. Impact energies of 20 kJ and 70 kJ were exerted on a 1-m thick cushion layer of RCG. For each energy level, six successive impact tests were carried out. The letter "R" is used to represent RCG. It is worth noting that the cellular glass aggregates tested by Ng et al. (2018) are cubic and are 500-mm long.
Model setup and testing procedures
For the pendulum impact tests, the RCG was placed inside plastic bulk bags and then steel-wire baskets before they were stacked together to form a 3 m wide, 3 m tall and 1 m thick cushion layer in front of the reinforced rigid barrier which was 3 m wide, 3 m tall and 1.5 m thick. In order to prevent the sagging of the cushion layer, steel wires were weaved through the plastic bags and the layer was attached to the rigid barrier around its perimeter using tie rods (Fig. 1a) . A high confining stress was generated by the gabion baskets during the impact. The influences of gabion baskets on the mechanical responses are discussed by Lambert et al. (2011) .
For each test, the impact energy was controlled by the suspended height of the boulder, that is, 1 m for 20 kJ and 3.5 m for 70 kJ. Once the instrumentation and high-speed cameras were set up, a mechanical latch was used to lift and then release the suspended boulder into the cushion layer.
Results and interpretation
Deformation of RCG cushion layer
The deformation of the cushion layer resulting after successive impacts gives an indication of the required thickness of the layer. In contrast, the gabions filled with rock fragments exhibited reduced thicknesses of about 29% and 42% after the first and fifth impacts, respectively. The after five successive impacts for the rock fragments is at least 15 % larger than max that of RCG. One postulation is that the typical particle size of RCG (0.1 mm to 20 mm) is much smaller than that of the rock fragments (160 mm to 300 mm).
Correspondingly, there are a greater number of particle contacts as the particle size decreases. Also, more branching points are generated within the network of force chains . Muthuswamy and Tordesillas (2006) filled with rock fragments as compared to RCG (Fig. 7b ). These observations imply that reverse displacements also contributes to the cushion thickness of rock fragments.
All in all, these results indicate that RCG is more favorable because it offers a more compact solution. The deduced maximum penetration of RCG of 0.28 m is about 15% larger compared to that of the maximum penetration measured at 20 kJ in Fig. 6a . The difference is caused by the settlement or self-repairing function observed at the top RCG cell after boulder impact (Fig. 7a) . The absorbed impact energy, from an input impact energy of 20 kJ, is calculated by successive integration of the measured boulder impact force with respect to the penetration depth. The results indicate that almost the entire boulder impact energy is absorbed by the RCG cushion layer at 20
Measured impact force
kJ. This calculated absorbed energy agrees with the observation that there was D r a f t negligible boulder rebound after impact, as captured using the high-speed camera.
An estimated maximum boulder impact force (F max ) of 333 kN is deduced using elastic Hertz contact theory and a Young's modulus of 7.9 MPa for the energy level of 20 kJ. It can be seen F max is overestimated by at least three times when plastic deformation is not considered. Clearly, consideration of plastic deformation induced by the particle rearrangement and crushing is important for interpretation of impact test results.
The densification of RCG is evident during the initial successive impacts, since F max increased by 80% and 40% for the second and third impacts respectively when compared to the previous impacts. The effects of densification evidently diminish since only a slight increment of 8% in F max is observed between the fourth and sixth impacts. Large fluctuations in force were observed for each test. Similar observations were also reported by Ng et al. (2016) and Lambert et al. (2014) .
Furthermore, the calculated energies for successive impacts on RCG are all about 20 kJ, indicating that RCG can provide consistent and stable energy absorption under successive impacts. Figure 8b shows the boulder impact force resulting from successive impacts on RCG at an energy level of 70 kJ. A measured F max of 183 kN occurs at the penetration of 0.24 m for the first impact. However, a measured P max of 0.3 m (Fig.   6b ) is only half of the deduced P max , and this was probably caused by the reverse displacement of RCG cell in the centre of the impact area or the self-repairing effect.
This effect is more pronounced at a higher energy level of 70 kJ compared to an D r a f t energy level of 20 kJ. The large plastic deformation of RCG is mainly caused by particle rearrangement and crushing. These cushioning mechanisms result in a measured F max that is about four times smaller than that estimated using Hertz Contact Theory. The F max increased by about 103% and 10% for the second impact and third impacts respectively if compared to that measured at the previous impact. This increase is due to densification of the cushioning material. Similarly for 20 kJ, only a slight increase of 7% is observed from the fourth impact onwards. Furthermore, K c of RCG at 70 kJ is at least 25% smaller than that of RCG subjected to successive loading at an impact energy of 20 kJ. This implies that a lower maximum boulder impact force is generated on RCG at high impact energy of 70 kJ. This is because higher impact energy induces larger plastic deformation, which improves the overall cushioning performance. It can also be seen that the load-reduction factor of 0.1 proposed by Kwan (2012) for boulders impacting on bare concrete is about three times larger than the back-calculated value of 0.03. This indicates that the maximum boulder impact force could be reduced by about three times when a RCG cushion layer is used. For the fifth impact, a L max of 6.7 kN was measured at the normalized depth of 3.3, which is not at the center of rigid barrier. Similar counterintuitive location for the maximum transmitted load on the rigid barrier was observed by Ng et al. (2016) , and this may be attributed to the self-repairing behaviour of the RCG cushion layer induced by the movements of particles under successive impacts. The L max for the fifth impact is about 2.4 times larger compared to that of the first impact. It coincides with the measured F max under successive impacts. Furthermore, the densification of RCG cushion layer makes closer contacts between each particles. It may result in more loads transmitted on the rigid barrier.
Comparisons of F max between RCG, rock fragments and cellular glass aggregates
Transmitted distributed loads on barrier wall
Comparisons between RCG and rock fragments show that the L max of rock fragments is only 14% smaller than RCG for the fifth impact. This suggests that their cushioning performance, based on the transmitted load, are similar for 20 kJ impacts.
For cellular glass aggregates, the maximum transmitted load is 40% smaller compared D r a f t to the RCG for the fifth impact because the cushioning mechanism of cellular glass aggregates is dominated by particle crushing. Overall, among the three cushioning materials cellular glass aggregates show the best cushioning performance in terms of reduction of transmitted loads at the energy level of 20 kJ. Figure 10b shows the horizontal load distributions on the rigid barrier at 20 kJ.
The horizontal distance from the center of the barrier is normalized by the boulder radius. This normalization makes it is easy to compare the load-diffusion capability among three cushion materials. Likewise, cellular glass aggregates also exhibits the most favorable load-reduction capability in terms of L max for successive impacts.
For the impact energy of 70 kJ, the vertical and horizontal load distributions on the rigid barrier are shown in Figs. 11a and 11b , respectively. The measured L max of RCG is 3.6 kN at the normalized distance of 2.6 for the first impact. For the sixth impact, L max is up to 3.9 times larger than that of the first impact at the center of RCG.
RCG performs better than rock fragments based on the boulder impact force and transmitted load on the rigid barrier. This is because the particle size of RCG is much smaller compared to the particle size of rock fragments. Zhang et al. (2016; 2017) suggested that transmitted loads decrease with the particle size because the force chains are more stable. Furthermore, smaller particles tend to favour load diffusion . Together, these effect contribute to the reduction of the transmitted load. Furthermore, the reverse displacement of RCG after each impact also improves the cushioning performance under successive impacts. attributed to the distinct cushioning mechanisms between these two materials. For cellular glass aggregates, the cushioning mechanism is mainly dominated by crushing, which leads to higher transmitted loads concentrated at the center of rigid barrier. By contrast, both particle rearrangements and crushing contribute to the cushioning performance of RCG. Both of these features enable more uniform transmitted loads on the rigid barrier. Due to the limited number of load cells installed on the rigid barrier, the exact load-diffusion angle cannot be obtained. However, an estimated load-diffusion angle of 32° can be derived for RCG if the maximum load diffusion is assumed to reach the maximum normalized horizontal distance of 2.1 (Fig. 12 ). This diffusion angle of RCG is almost three times higher than that derived for cellular glass aggregates . Comparisons between the results for rock fragments and RCG also show that the slopes of load distribution profiles for rock fragments are much steeper than those for RCG. This suggests that more load is distributed by RCG compared to rock fragments. For the sixth impact, the L max of rock fragments is smaller than the first impact. As discussed above, this may be attributed to the uneven contacts between the rock fragments and the rigid barrier. 
